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FRC TRANSLATION INTO A COMPRESSION COIL

Robert E. Chrien

Loo Alamoo National Laboratory, Loa Alamos NH 87S4S

I. Introduction: The equilibrium ●nd tranalat ional kirtematica of
Field-Reversed Couflguratione (FRCO) in a cylindrical coil which doe~ not
conserve flux are problems that arise in connection with adiabatic
compreesional heating. The usual treatments of the ●quilibrium problem o

f$FRCe specify a fixed amuunt of open flux within a conducting boundary, *

Z1;a;$e~eG~1eti=5i~ZZB;;Y5~tica 0’ ‘r”M’at’on ‘tween ‘0 “u”However, in order to MOSC efficiently
heat the FRC plasma, it t.a dea~rable to tra~late the FRCO after it ia

formed , into a close-fitting compreaafon coil and then to ●diabatically
5 The compreaaion coil, orcompress the plaama by increuaing the open flux.

“flux shaper”, wat be a flux surface cm the time acalea for translation
(T tr ne) and compression (T ) in order to ~intain the axial equilibrium
of t%e FRCO but the moun f0m8f open flux in influenced by the external
circuit. An addftioul problem ia that, unleaa the energy confinement time
T is ao long that ~tra ~ << ~com

% E
<< ‘c can ba aatiefied, ● oepartite guide

f!eld in addition to t e compre alon !ield i. ueededic the compreaaion
coil to confine the FRC prior to Compreaaion. Coupling between the guide
field and compreaaion field ayatema must then be conafdered.

In this paper, we consider several featurea of the, problem of FRC
translation into a cotnpreaalon coil. Firac, the magnitude of the guide
field ie calculated and found to exceed that which would be applied to a
flux conaervet-. Second, energy conservation ia applied to FRC translation
from a flux contierver into a compreeaion coil. It la found that a
eign~ficant temperature decreace 1s required for translation to bc
energetically poaalble. The tampertiture change depends on the external
inductance in the comprcaalon circuit. An analo80ua caac fa that o: a
compreaeion regfon cornpoeed of a compound magnet; in thio caaa the
~empera~ure change depcnde on the ratio of inner and nutcr coil radii. q
Finnlly, the kincmatice of intermediate translation atateu are calculated
ueing an “ubrupt tranaitfon’H model. It is found, in thlo modal, that tha
FRC ttmet oveircome a potential hill during Lramlatiori, which rcquf.roa u
lamull initial Velocity.
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Using
}

ong-coil cylindrical FRC
(1-x )/(z* + (1 ●:dx~2)(1 -

!
2s)) where

to coi length 1=) the guide field can be

B. = 1+$1 - %a2 + fLzaxa2)

aasumpt ions for L
is the ratio of $RC ‘;~n~t;c?a‘a

written aa

(2)

where fL s L~/(LB + Leo). The guide field required In the compreaalou COI1
for given x~ and ~ is larger than that needed in a flux conaerver where
LB - 0 and can approach ~. if L >>LC and the FRC fills the length of the
CO1l* The external inductance [ao t% effect of reducing the increase in
total current when the FRC ●nters, no more current ia needed initially.

The axial kinetic ●nergy of the FEtC can be determined by considering
the total energy of the ayetem conalsting of FRC, formation coil, and
compreaaion coil. The formation coil ia assumed to be crowbarred and
acting an a flux conaerver. Before translation, the total ●nergy is3’4

2+ ‘2,vac (3)+1 4- ‘1 ,vac + +%vl

where N and TI are the particle inventory and ~emperature In tb.e formntion
region, U1 Va and U2 ~ac are the magnetic energies in the formation and
compreeaiofi c!rculta !n the sboence of plaama, ❑i is the ion maae, and V1
ia the initial axial velocity. After ~raualation, the total ener~y ia

~’l,vac ‘*2 + +iv2 2+U2 (4)

where T2 and V2 are the temperature and veloclty following translation, LIZ
ie the magnetic eneruy In the compreeaion circuit and the YRC, and where
loueea are ignored.

The change of ma8netic energy in the compreaaion region,
AU2 = LJ2 - ‘2,vac’ can be wric~en aa

B2
AU2 +( 12-0 I 2, + (+=12 - L, I 2) + Vmc(l2COQ - <6>)+ (5)

where <t3> ia the volume-averaRed btita within the eeparatrix. The first two
terme represent tha energy chanflce in the external inductor and the coil,
respectively, and the third term ia the magnetic euergy within ~he
~aparatrix. Aft_tir aomc ulgabrui th16 can bc written a~

2f
‘axe

- J) (6)Al_j “ NT2(1 +—~~>

T1 +(V12 - V2*)
T2 -

%L
●

~ XBXO
1 + -.——

5 <13>

(7)
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compresaion, or the cnmprassion bamk -t be incremmed to reach the desired
final temperature.

We now consider the caae in which the compreeeion region ia ● compound
magnet. The guide field is then provided by ctc r~gnet coils located
outside the compreanion coil. In general, the guide field coilc must be
protected fr~ the voltagea hchced by che translation ad cowpreaulon of
the FRC. Thus their protective cladding in a flux comaerver on the
translation and compression time scalee. The compreaaion coil ia a flux
surface on these the scales and carries the azimuthal curtentm needed to
mairltain the axial equilibrium of the FRC. However, the net aziwthal
current ❑ust be zero since the compressfonal cofl circuit ia open before
comprea8ion. These cona~ralnts result in Lhe relation between the guide
and confining fields

B. = ~[1 - X82 +

where y is the ratio
equation is similar to
of the total magnetic

(1 - Y2)zax521 (8)

of flux shaper and flux coneerver

(2) except that (1 -

radii. This

y2) replaces fL. A ~lculation
energy in the compound magnet compreeeion region

yleM8 a result which differe from (6) in the Qame way. Thus a lower final
temperature is ue,ceeaary in either caae. Of course, either (1 - y2) or f,
must be kept close to unity to prevent exceeaive coupling btween thi
compreeslon flux and coil cladding or between the compression bank and
guide field inductor, respectively.

111. Kinematics of the ‘L’ranslti\m: We have eeen that translation into a
compression coil requires a larger guide field than translation into a flux
conaerver. However, when only a fraction of the FKC length haa entered the
compreaelon :Oil, Eqe. (2) and (8) chow that it encounter6 a larger

confining field B~, than when its fuil final Length ffi within the cofl.
Thue the FRC may encounter a potential hill tmtween the initial and final
8tate6. In practice, this effect may be mitigated by a transient
modification of tt,e FRC equilibrium or by deulgning n tapered compression
coil to eoften the transition in radiue. In order co e~thate the
magnitude of thle effect, we have calculated the total energy of the
intermediate statae ueing tin “abrupt tra~ition~~ model which my provide an
upper bound on the elze of the potential hill..

In thle model, wc aetiiumc that a cylludrical FRC equilibrium encounters
tin abrupt change in wall radlua from the formation coil to the comprea~ion
coil. Wo further uti~umc ~hu~ ~hc wwponec of the portion of the

F
C whfch

haa entered the corupraeaion coil is gavorned by tha .~diabatic 10WO for FRC
equilibria and by Eq. (2). TheHe adiabatic lawa wero4 found to be in
reaaondhlo a~recmunt with FRC tranalatfon cxpcri.mcute in which FRCQ
trnvoreod a change in wall rudlua of 0.74 at oxial apcoda approtichlnfl the

~011 ~harmul apad; thue it may be reaaonabia to u~e them in this model.
Tho intcrutil flu

2,J # cj$ ~1” FM,
#lLlf3Uld.llU tl typiCUl diffuoa profihp ifl

glvon by $mr ~~”-.w Applyiug conNarvMcioI! of flux acr~oo the
trunaition, wa ‘have

(i - xti2 2 + f~zzx”z 2, (*) (;:)2 (;)3”25 ~ 1.
0 U

(9)
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T’lie YRC length ~ within the Compreaaiun coil Ie eatiuated u~lng the
adiabatic laws for the portion u~l of the initial FEC length which crossed

the tramition!

(io)

Equations 10 and 11 can be numerically solved for X~2 ao a function of v.
Thla permits the total energy of the intermediate etate to be calculated aB

● function of v using the adlabat~c law to eetlmate T7:.

T2 - T#)-1.6(~)-2.6( <fi:>)0.3.
‘w1 ‘s 1 <81>

(11)

Comparison of the total energiee of the Initial and intermediate states
yie,lda

2f
‘2X82 L

+fnivl 2 + :Tl 1
“ ~iv2 *+~1- v)T1 + ~T2 + vT2

L <0> “
(12)

The teaulte of thle calculation for the parameter of FM-D are illuatratzd
in Fig. 2. A potential hill ia obeerved with a magnitude of about

18 eV/particle. Thie requlrce an Lnltial velocity of about 4 cm/a~ to

overcome, wh ch h relatively ea~y to produce
1

in present FRC translation
experiments. ThuB thie effect doee not appear to be a serloue obctacle to
a translation and compre.asion experiment.

Iv. Conclueione: FRC tralmlation into a compreaalon coil in an adiabatic
compreesional heating experiment differs uigniffcantly from translation

between flux conoervero. It iH ehown that translation into a compre~s!on

cofl requlree more guide field and u lower final temperature becautie of the
interaction between the compreeaion ci~cuit and the two poaeible methode by
which guide field can be applied. These Cffectfi are of eufficienc
magnitude to influence ,he Jeeign of a compreeelonal heating experiment.

An additional potential hill may be present >etween the initial anl final
atatce, but it can tie owrcome by a modesu ini~ial translation velocity.
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FM-D COHFRESSION COIL CIRCUIT

LOAD COIL
L

?’jOnH

Figure 1. Compression coil circuit for FRX-D, showing the
guide field (CB) and compression field (Cc) capacitor

banks and the isolation (LB) and load coil (Lco) inductances.
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